A noninvasive pulse-tracking technique has been exploited to observe the time-resolved motion of an ultrashort light pulse within an integrated optical microresonator. We follow a pulse as it completes several round trips in the resonator, directly mapping the resonator modes in space and time. Our time-dependent and phase-sensitive measurement provides direct access to the angular group and phase velocity of the modes in the resonator. From the measurement the coupling constants between the access waveguides and the resonator are retrieved while at the same time the loss mechanisms throughout the structure are directly visualized.
Light is confined by total internal ref lection inside the structure, and, whenever the optical path length of a round trip is equal to an integral number of wavelengths, a resonance mode is excited. Depending on geometry, these modes consist of chaotic and (or) stable orbits, such as bow-tie-shaped or whispering-gallery modes 2 (WGMs). WGMs have been directly visualized in microspheres 5 and in their integrated optics equivalent, the microresonator. 6, 7 However, in all cases, only the steady-state behavior of the light propagation was visualized. To date, time-dependent studies of WGMs have been limited to investigation of the output characteristics 8 or to a sophisticated pump-probe technique that yields insight into the round-trip time. 9 Recently, we showed that femtosecond pulses can be tracked in space and time while propagating through a waveguide. 10, 11 In this Letter we exploit this technique to image for the f irst time to our knowledge the motion of an ultrashort optical pulse through a microresonator.
The device under study, fabricated in Si 3 N 4 on SiO 2 technology, 12 is illustrated in Fig. 1 . Simulations show that, of the two supported resonator modes (TE 00 and TE 01 ), the TE 01 mode is slightly affected by the inner rim. Although the TE 00 mode is not affected by the inner rim and could be considered a quasi-WGM, this is not the case for the TE 01 mode. We therefore designate these modes as resonator modes (RMs) rather than as WGMs. Light couples into the resonator through input waveguide WG1 and can couple out of the resonator into WG2. Local optical measurements are possible with a photon scanning tunneling microscope (PSTM). In the PSTM a small fraction of the evanescent field above the waveguiding structure is picked up with an uncoated subwavelength fiber probe (Fig. 1) . To visualize dynamic effects inside the ring resonator, we launched femtosecond pulses (l 1300 nm, FWHM 123 6 2 fs) into WG1. The PSTM signal is interferometrically mixed with part of the same pulse that has propagated along the reference branch. Heterodyne detection of the interference signal allows a separation of amplitude and phase information. . This is to be expected as the level of coupling increases when the gap size decreases. 12, 13 Figures 2(c) and 2(f ) show the wave fronts of the circling RMs (arrows indicate location). Close inspection of the phase image clearly shows singularities due to interference of multiple RMs in the resonator. 14 The total number of fringes in the ring is a direct measure for the averaged angular phase velocity, whereas the separation between subsequent singularities yields the difference in phase velocity for the modes. Combination of these numbers yields phase velocities of 7.24 rad͞ps and 7.54 rad͞ps for the TE 00 and TE 01 modes, respectively.
At the angular position of a singularity [indicated by 1 in Figs. 2(c) and 2(f )] the phase difference between the RMs is equal to p. As the phase difference between the RMs is known for this angular position, we can write the coupling between WG1 and the resonator as
where k is the coupling constant between the powernormalized mode in WG1 (E WG1 ) and the respective power-normalized RMs (TE 00 and TE 01 ). Instead of a direct comparison of optical amplitudes, the use of power-normalized modes guarantees power conservation. Fitting a sum of the mode prof iles in the ring to the measured amplitude at the angular position of a singularity yields k TE01 ͞k TE00 [see Eq. (1)]. Comparison with the amplitude of the incoming single-mode pulse in WG1 then yields the coupling coeff icients for each individual mode. For the low-finesse device we find 33.5 6 0.1% and 26.7 6 0.1% for the TE 00 and TE 01 modes, respectively. A similar approach for the coupling to WG2 fails as two modes are excited in WG2. However, when neglecting the multimodal behavior in WG2, we see that 33 6 0.4% of the mode in WG1 is coupled from WG1 to WG2 through the resonator. For the high-f inesse device we f ind coupling coefficients of 0.9 6 0.3% and 1.1 6 0.3% for the TE 00 and TE 01 modes, respectively. A closer examination of the optical phase in the coupling region shows more differences between the two devices. When the air gap is open [ Fig. 2(c) ], we observe two separate wave fronts in the ring and WG1. A slight phase mismatch is observable. However, when the air gap is closed, the phase fronts are no longer separated. The spherical waves in Fig. 2(f ) , such as the ones originating at the coupling junctions, show that strong scattering occurs at these positions. This effect that is not observed for the high-f inesse device. Figure 3 shows snapshots of the measured optical amplitude from an ultrashort pulse as it couples into the ring and then completes two round trips in the low-finesse device. This device allows us to visualize both the pulses in the ring and outcoupled pulses on the same scale. Between each measurement, the reference time is shifted 200 6 2 fs. Time stepping is started from the moment the pulse initially couples to the resonator [ Fig. 3(a) ]. A small fraction of the pulse propagating in WG1 is coupled into the resonator. In the sequence in Figs. 3(a)-3 (l) the pulse travels around the ring, coupling energy out to the two adjacent waveguides at each pass. This results in a series of output pulses with diminishing amplitude at the output ports of WG1 and WG2, yielding a direct measure for the losses of the resonator. However, the coupling constants between the cavity and the waveguides are so large that the observed reduction in amplitude is completely dominated by the coupling losses. Figure 3(m) shows the position of the center of mass (CoM) in WG1 (red line) and WG2 (green line), which directly yields group velocities of ͑1.28 6 0.02͒ 3 10 8 and ͑1.33 6 0.02͒ 3 10 8 m͞s in the respective waveguides. Because the observed pulses are roughly Gaussian, the CoM is given by the location of the maximum amplitude.
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Figure 3(n) shows the angular position of the CoM of the pulse inside the resonator as a function of angular coordinates while neglecting the multimodal behavior. We f ind an averaged angular group velocity of 6.0 6 0.2 rad͞ps, which is in good agreement with the calculated values of 6.24 and 6.35 rad͞ps for the supported RMs.
The propagation of femtosecond pulses in resonator modes of a microresonator has been studied both spatially resolved and in the time domain. We have visualized the optical amplitude and phase of a femtosecond pulse inside a microresonator. The visualization in time of a pulse propagating in a resonator yields the angular phase and group velocity of RMs independent of any model. The observed beating pattern in the resonator shows that multiple RMs have been excited. Comparison of the amplitudes in the resonator and waveguides yields the coupling coefficient between waveguides and resonator. 
